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OPTICAL PROPERTIES OF COMPRESSIBLE INHOMOGENEOUS SHEAR LAYERS
RELEVANT 7O HIGH POWER LASERS

ABSTRACT

Shear layers and wakes are a major source of optical degradation in
flow lasers. The structure of these flows has been studied experimentally
with special attention given to their optical properties. Gases with
different refractive indices were investigated and the effects of density
ratio and Mach number were measured. The time avaraged optical properties
of inhomogeneous shear layers are reported here wherein the principle for
field measurement was the Strehl ratio. Modification of the apparatus for

low speed measurement, including periodic forcing of the shear is discussed.
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I.  INTRODUCTION

Fluid mechanics is involved in many lasing processes and the flow field
- must he of excellent optical quality so that a near diffraction limited
laser beam may be attained. With the general trend of laser development
towards shorter wavelenghts, the fluid optics challenge is increased con-
siderably. In general, the conditioning of the gas laser cavity or external
flow effects will continue to be a problem area. The fluid mechanical

sources of fluid possible optical difficulties must be carefully examined

and understood. It is known that phase distribution as well as,'to a lesser
deqree, amplitude distribution across a coherent beam determines beam
quality. We studied basic fluid mechanical properties of compressible shear
layers and their effect on the phase distribution of a laser beam.

The 2-D inhomogeneous shear layer is chosen for a number of reasons.
It is a simple and well studied flow, at least a low Mach number, M. How-
ever, there is no experimental optical data which concentrates on the coher-
ent effects produced hy the layer and the extent of the mixing interface on
optics. Part of the research involves studying the properties of single
two-dimensional shear layers at high Mach numbers and Reynolds numbers ap-
propriate for high power lasers. Exprimentally this involves a systematic
investigation with independent control of density ratio and compressibility
effects of the free jets, which has not heen done before, The optical
quality of each shear layer was measured by examining the farfield diffrac-
tion pattern of laser beams passing through the layer. MWe hoped to under-
stand and to predict compressihle shear layer growth rate and optical per-
formance on the basis of this study. Ways of controlling the optical degra-
dation due to these layers has heen suggested too. The 2-D layer is now

heing observerd using controlled perturbation techniques which may be used to
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advantage. The structures of these layers, when subjected to small but con-
trolled perturbations, change leading to a rapid change in the mixing rate
and probably the optical quality of the layer.

In the following sec*ion we will discuss our progress during this

. grant.

IT1. PROGRESS DURING GRANT PERIOD

a. Equipment and Setup

We were forced to move the experimental apparatus to a new location
early in our program, The new lahoratory (location in the AERB) resulted in
improved apparatus and larger mass flow capability than from the previous
setup. As part of the move, a new and larger capacity gas supply and meter-
ing system was constructed.

The test gases were ducted away from the optical table area after being
discharged by the free jet, otherwise there would he optical interference
with the diagnostic systems. The exhaust system carries the spent test
gases away from the optical table and discharges them outside the laboratory
huilding. The modest suction required is provided by an ejector in the
exhaust ducting.

) Substantial changes were made in the schlieren and interferometer opti-

- cal diagnostic systems. Both systems were increased to 7.5 cm aperture
(from earlier aperture of 4 cm) and the schlieren system was further modi-
fied to permit observation parallel and perpendicular to the shear layer
simultaneously. The Mach-Zehnder interferometer system uses 6.5 cm beam
splitters and mirrors and a new 7.5 cm beam-expanding telescope was built.
The equipment includes a ruby laser and another Galilean beam expanding-

telescope.
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Nozzle exit dimensions chosen were 1.4 cm x 1,4 cm for Mach numbers up E
to 2.0. These represented a compromise between having a realistic nozzle \
dimension and the prohibitive expenses associated with large test gas mass i

. flows. Reynolds numbers based on the nozzle exit dimensions will vary from
. 1.6 x 10% at M = 0.5 to 1.4 x 10% at M =2. A sketch of the test section is ,
shown in Fig. 1 for the reader's convenience. ;E

h. Observations and Tests E:

During the first part of this program subsonic shear layers were °
investigated. Shear layer qgrowth rates for jet Mach numbers of 0.1, 0.3 and ;4
0.6 were measured using a Mach-Zehnder interferometer. Interferograms using N
a He-Ne laser source were obtained for jets with various density ratios. f
Time-averaged optical density (8p=n=-1) profiles through shear layers were E

N
calculated using such data. The results were compared with data available E:
in the literature at low Mack numbers and fairly good agreement was ;
achieved. We have observed a 30% growth rate reduction with the increase of E
Mach number from 0.1 to 0.6, Higher subsonic Mach number tests have been E
tried with Mach-Zehnder interferometers, hut the optical quality of long ;
exposure interferograms are poor due to loss of optical contrast. Stop }
action schlieren photographs were taken for various jets of gas at Mach i
numbers of 0.1, 0.6 and 0.9. The density ratio was varied from 0.66 to 7.2. ;
For the lower Mach number jets coherent structure is not clear, Pictures 1f

were also taken simultaneously normal to the shear layer. Time averaged
schlieren photographs have provided qualitative measurements of the shear
layer growth rates. A reduction in the growth rate of shear layers with -

increasing Mach number and density ratio was observed.
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Stop-action interferograms viewed normal to the turbulent interface
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have heen taken for all the test gases. Such data provide near-field phase

infromation. A package of software for automated data reduction using digi- EE
‘e

tal reading and processing of interferograms on an Apple Il computer was 3~

N developed. With the aid of this program, we were able to calculate the i 0

phase degradation of a ruby laser beam as a function of the distance from ZEE

the exit of nozzle. é%{

Papers were published related to the work on this project. The first "O

deals with the fluid mechanical aspects of the program and was presented at Ef\

the 17th AIAA Fluid Dynamics, Plasma Dyanmics and Lasers Conference in June, Eé‘

1984 The second paper deals with the optical properties of the shear layers ;;;
and was presented at the Chemical Gas Flow Lasers Conference in August, gz

1384, A third paper on computer reduction of the interferograms was pub- if

lished in the Review of Scientific Instruments. :‘.
Testing of a shearing interferometer as a supplement for the Mach- : 
Zehnder interferometry was initiated then. The shearing interferometer pro- Ef
RS

duces an interference pattern between two rays displaced a finite distance ‘v?
apart by the splitter plate. The interference pattern produced by the flow é:~
field does not give optical density, but optical density difference between kb
)

a preset distance across the flow-field. The test results proved useful, ®

. but additional development was not warranted. 5;:
AN

Later shear layer growth rates for Mach numbers in excess of 0.9 were EE:
measured using a shearing interferometer using a He-Ne laser source. Pulsed R
schlieren pictures were also tdkan of these flows. A series of stop action ;?
Mach-Zehnder interferograms of shear layers at Mach numbers up to 1.4 were E

also taken and some interesting features were observed. But the most h
consistent results on spreading rates came from long exposure schlieren §§
N
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measurements. In these measurements, the shear layers spreading rates were ES:
seen to decrease significantly with increasing M. A density ratio effect 4
(spreading rates decreasing with increasing kp) was also seen. Large scale E:
i coherent structures of the type well known in low speed shear layers were E}
. very obvious at M=0.1, were progressively less apparent at M=0.6 and M=0.9 :
and were apparently absent at M=1.4. The results of shear layer thickness Ei
A
measurements are shown in Figs. 2 and 3. lﬁ%
e
Experiments were carried out to investigate the optical properties of 3;
fast shear layers by means of far field diffraction patterns of a circular Sé‘
laser heam resulting from its passage through the layer. The focal plane EJ
enerqy distribution of the laser beam is the far field pattern that was A
measured as part of this program, For these experiments, two different EE
sized parallel Hele laser beams, one 0.5 cm in diameter and the other 1.0 cm E&
in diameter, were used to produce the far-field information. Each beam was f:
passed throi:gh a rectangular gas jet with cross section of 1.4 cm on a side :E‘
bounded on three sides by glass walls. After passing through the shear SE'
layer and jet, the beam exited through the glass wall and was demagnified by f.
a telescope for convenience. The modified Airy pattern image was thus EE
produced. The far field images were than compared to the tare data taken in fEf
an identical manner, except without the gas jet and shear layer. j;
Optical quality measurements taken normal to the high subsonic flow E;f
shear layer were carried out using a cw HeNe light source to obtain time 5:
averaged results. The measurements concentrated on Strehl ratio and tilt :T’
aberration error. These results were obtained hy using a new electronic EE
digital image acquisition system, These measurements covering various Mach Eé
S

numbers, M, and density ratios, were published in two masters theses at the

University by D, Higgins and T. Blum,
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These results coupled with our previous shear layer measurements pro- E

vided us with values of shear layer width to correlate with density ratio -

and Mach number. The near-field beam degradation may be related to the far- ;

: field intensity if the Strehl ratios are measured. Parameters such as the Ej
. laser wave number, k, and the index refraction change, An, across the layer 1
are known., The mean shear layer thickness, &, is known from our fluid E

mechanical experiments. In the cases where no coherent structure is seen, E

the scale lengths may he assumed to be roughly proportional to the measured :

shear layer thickness. Under these conditions we may write the Strehl ratio é

as :

o+

Strehl Ratio = exp (-KEQ) = exp (-AkZAnZGZ) :

Values of A were found for the range of interest based on our measurements ET

of § and Strehl ratio. This correlation relates the far-field performance

to fluid mechanical parameters that are defined with respect to the mean ii

thickness of the shear layer. A synopsis of this optical work has been E

puhlished in the Proceedings of the International Conference on Fluid ;l

N

Mechanics in China 1987,

Py

c. Low Speed Experimental Setup

The optical results in which large scale structures seem to assert an
influence require additional testing. Because of experimental difficulties
on the size of the apparatus and practical interest in low speed flow, the

emphasis has been shifted from a high speed shear layer to the optics of low

speed shear layers. This required a transition to a new flow facility which

has heen built. This new and much larger wind tunnel allows for larger test

Y :'.1'.'-‘-,-, ® .-'._..-'-,-, | Ny

beams (diameter > 5.0 ¢cm)}. In contrast to what was done earlier, two

coplanar flows with velocities Uy and U, and densities ») and pp initially -

)

s

®

:3

TR T T T TR T e N e e T e T . T S A o [ B

RSCGNCAC I AT N A A AT AR ::-('\f__('\. AT N T e e J
Y. .Y )




mix on contact at x = 0. Previously, only one free jet had been used., Now
the velocity ratio can be varied. The Mach numbers of the flows are con-
siderably less than one and should have no effect on the shear layer. In
addition, each nozzle exit geometry has an aspect rat.o of 4:1 in order to
provide for better 20 flow characteristics and are enlarged considerably for
ease of use. The overall flow consists of free-shear layer mixing between
two parallel streams in the presence of walls which bound the streams.

This low speed test facility essentially consists of two independent
side-by-side tunnels discharging into a common test section as shown in
Fig. 4, Each channel was installed with one honeycomb and three screens to
reduce the turbulence level of the freestream. A perforated plate was
inserted in one of the channels to produce a velocity difference between the
two streams. The nozzles have exit cross sections of 4" x 1" each. The
turbulence level was measured by hot wires to be about 0.5% at the exit
plane of the nozzles. A plexiglass test section was fabricated to be 12"
long, 4" wide and 2" high. The top and bottom walls were adjustable so that
the pressure gradient in the flow direction can be minimized. Under there
conditions, the flow field is, on the basis of hot wire and optical measure-
ments, very similar to those of others. Extensive depth hot wire measure-
ments in perturbed flow are in the process of being obtained.

Using optically dissimilar gases provides differences in the index of
refraction that can be used to study the flow and obtain optical details on
the mixing process. A rectangular plenum chamber equipped with six small
fans was utilized to supply air flow. Other gases were introduced from
pressurized qgas hottles for the dissimilar gas mixing layer case with an
additional splitter plate. A thin oscillating flap with a width of 10 mm

was added at the end of the splitter plate as a source of external

.
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-8-
perturbation. It was suspended by a music wire under tension such that the
flap could be oscillated around its leading edge by two voice coils at fre-
quencies up to 200 cps and up to an amplitude of 2 mm (see Fig. 4). The
second part of the preliminary investigation is the inhomogeneous mixing
layer. Aijr-He and air-COZ mixing layers were chosen, because substantial
index-refraction differences exist between these gases which are very good
for schlieren and shadowgraph pictures. The experiment conditions were kept
hasically the same as the air to air mixing Tayer in order to be comparable.
The instantaneous schlieren and shadowgraph pictures with both plan and side
view in both inhomogeneous and homogeneous mixing layers have been doné.
With perturbation, the nature of large coherent structures in the spanwise
direction is evident and showed in side and plan view pictures.

Our preliminary experimental results confirmed the two-dimensional
nature of large streamwise coherent structures in both the homogeneous and
inhomogeneous mixing layers. They are essentially a kind of instability
wave having a natural frequency and are highly susceptible to external
perturbation. This feature may make it possible to improve and finally con-
trol the optical properties of the mixing layer.

d) Numerical Modeling

While the project is largely experimental, numerical simulations of
plane 2D mixing layers have also been initiated this year. Direct numerical
simulations are currently being carried out by solving the nonsteady 20
Euler equations without employing sub-grid scale modeling.

Basically, we are applying MacCormack's finite volume methods to Solve
the Euler equations. Only the explicit scheme has been used at this time.
Even for two dimensional flow, such a program is formidable and takes con-

siderahle computer time. Our initial results, for an air-air shear layer
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-9-
with a velocity ratio of 1/2 show a normalized spreading rate of about
0.055. This is smaller, but consistent with some experimental observations
which are about 0,06. Mean values of streamwise velocity show a character-
istic spreading behavior. It seems that the mean growth of the shear layer
is given quite well even if viscosity is not employed in the basic
equations. However, considerable improvements in the code are needed for
inhomogeneous flows. We are now computing two air streams with different

enthalpies so that the density ratio is 1.1.
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LIST OF PUBLICATIONS

Several recent publications have been wholly or partly supported by
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Improvement Thereof," AIAA Journal 22, 53 (1984).

Johari, H., Poling, H,, Bogdanoff, D.W, and Christiansen, W.H., "A Pre-
1iminary Study of Optical Properties of Inhomogeneous Shear Layers,"
ATAA Preprint, 84-1622, 17th Fluid Dynanmics, Plamsa Dynamics and Laser
Conference, Snowmass, O, 1933,

Christiansen, W.H,, Johari, H. and Bogdanoff, J.W., "A Study of Inhomo-

geneous Shear lavers and their Effect on Laser Seam Degradation,” in the
proceedings of the 5th Gas Flow and Chemical Laser Symposium, Oxford,
England, pp. 349-350, 193134,

Rogdanoff, D.W., "Interferometric “easurement of Heterogeneous Shear
Layer Spreading Rates,"”, AIAA Journal 22, 1550 (1984),

Poling, H.W., "Optical P;operties of Snear Layers,” MS in Aeronautics
and Astronatics Thesis, Univarsity of Washington, 1985,

Chen, H-T. and Christiansen, W.H,, "Simulated Method for the Determina-

tion of Density Profiles from Mach-Zehnder Interferograms,"

Rev. Sci, Instr., 56, 1619 (13885),

Higgins, D.R., "lLaser Beam Jegradation By an Innomogeneous Free Jet Mix-
ing layer," MS in Aeronautics and Astronautics, 1986,
Blum, T.0., "Far Field Optical Properties of Compressible Inhomogeneous

Shear Layers," MS in Aeronautics and Astronautics, 1986,
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Proceedings of the International Conference on Fluid Mechanics,"
Beijing, China, July (1987). _

10. Blum, T.C., "Far Field Optical Properties in Compressible Shear Layers," :

AIAA Preprint, 87-0147, 25th Aerospace Sciences Meeting, Reno, NV. 1987.

* Attached to this report.
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Fig. 1. Test section and typical nozzle for proposed research.
(a) Configuration with single nozzle for initial
contract period (:,=0). (b) Double nozzle configura-
tion which may be used for later work (:,#0).
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A PRELIMINARY STUOY OF QPTICAL PROPERTIES OF INHOMOGENEOUS SHEAR LAYERS
Hamid Johari,* Hugh Poling,* H.T. Chen,** D.W. Bogdanoff*
’ and Walter H. Christiansen?®
Department of Aeronautics and Astronautics
University of Washington
Seattle, Washington 98195

Abstract

Fluid mechanical and optical properties of two-
dimensional, subsonic shear layers with zero
velocity ratio have been investigated. Experimental
measurements of shear layer growth rates and laser
beam degradation for propagation normal to the
turbulent interface are presented. From schlieren
photographs and long exposure fnterferograms taken
parallel to the shear layer, growth rates were found
to decrease with increasing Mach number. Coherent
structure was observed at jet Mach numbers of 0.1,
while the shear layer structure appears to be more
random at jet Mach numbers of 0.6 to 0.9. Inter-
ferograms taken normal to the shear layer shcw that
the greatest beam degradation ts for a helium Jet
since the net index of refractiondifference across
the shear layer is the largest. The helium jet also
produced larger shear layer growth rate than the
others. The least beam degradation was observed for
a jet of a helium and argon mixture with a small
refractive index change across the shear layer.

1. Introduction

There are numerous 1instinces where laser beams
enrcounter turdbulent f{nterfaces {in hign power gas
Taser technolcgy. Shear layers and wakes occur fn
the resonators of most high power laser systems, but
particularly in the gasdynamic laser and superscnic
diffusion laser, The extraction of power usually
involves passing the deam through interfaces which
often Involve dissimflar gases of different optical
properties. Shear layers are also an f{important
feature of aerodynamic windows (d.e., gas windcws
which separate the lasing medium from the surroun-
ding environment by means of aerodynamic forces even
with substantial pressure differences across the
window), while a numder of {nvestigationsi»2»3 of
the optical properties of this flow have been
carrted out, acditional study {s warranted to cover
2 wider range of experimenta) conditions.

A review of the literatyre on shear layers
fndfcates that most experiments are restricted to
low Mach numbers or, when compressibility is
important, to conditions limited to those odtained
from air streams of equal stagnation temperature
rather than dissimilar gases, In the latter cases,
Mach number and density ratio were varied simulta-
neously, making it adifficult to separate tne effects
of compressibflity and densfty ratio, The
experimental conditions of the earlier work are
shown 1in Fig, 1 by points in the ip and M} plane

¥*Graduate Research Assistant, Dept. of Aeronautics &
Astronautics; Student Memoer, AlAA,

**yisiting Research Associate, UW; Associate
Professor, Institute of Mecnhanics, Chtnese Academy
of Sciences, Beljing, PRC.

*Research Engfneer, Aerospace & Energetics Research
Program; Member of AlAA,
#Professor, Dept. of Aeronautics
Member, AlAA,

& Astreonagtics,

Copynght 5 American insutute of Aeronsutics snd
Asturoagutics. Inc., 1984 Al nghts reserved,

where ), is the density ratio and M {s the Mach
number af the high speed gis stream. kll the points
are efther incompressibic results or fall along a
single curved line. Representative values for high
power laser resonators lie in the hatched areas in
the 1,-M] plane, The hatcheq area along i, =1 fin
Fig. f i1s representative of refractive index matched
aerodynamic windows,

The fluid dynamics and gas optical properties
of single two-dimensional shear layers at Mach
nunbers and Reynolds numbers appropriate for high
power lasers are being stucied, Experimentally this
tnvolves a systematic investigation through
{ndependent control of censity ratio and compressi-
bility effects of the free jets. Tnis is wusually
accomplished by using jets of various helium ang
argon mixtures, Gf importance 1s the examination of

~compressible shear layers accompanying these jJets

for evigence of <coherent, large scale vortical
structures, since suzh large scale structures are
even more trcublescme optically then a rancom tur-
bulent filelc.

This pager descriSes tne c¢onstructicn  and
assemdly of a sudsonic noziie system. The Jenstity
fieids snowing shear layer spreacing was measured
using lcng-exposure interferograns, in acziticn,
stcp-3action schlieren photcgrapns have deen  taxen
with pictures taxen stnultanesusiy paratlel and per-
pendicular to the shear layer These tes:s have teen
done at Mach numders of 0.!, 0.6 ana 0.9 with
various density ratfos. At the same test c¢cna:-
ticns, long exposure interfercgrams parallel to the
shear layer uysing an He-Ne laser have been taken,
This permits determinaticn of the shear layer
spreading rates. These growth rates are compared
with the literature, thus checking the qualfty of
the flow field and evaluating the interferometric
technigue. A particular aspect of this experiment
{s to study the effect of Mach number on large scale
structures, Interferograms using a rudy laser beam
perpendicular to the snear layer have been taken
also. The photographs provide preliminary phase
error data which are used 0 determine the scale
size and amplituce of the refractive index pertur-
bations in the shear layer and shcw the regions of
the shear layer prcducing tne most serious degrada-
tion of the laser beam. Thesa measurements should
enadle one td fidentify the dasic fluid mechanical
optical effects of shear layers and their effect on
far-field performance of a laser beam,

2. Flow fegmetry 3nd Maasuyrement Technigues

A two-dimensional symmetric nozzle with a
1.4 ¢m square ex1t was employed to produce a
subsanic srear layer, This fnvestigation is focused
on zero velocity ratio srear layers. A schematic
view of the flow jesmetry {s shown in Fig. 2. The
nozzle 1s cut Int> a bleck of drass; another plece
of drass forms tnhe (si1e) ccover,  Turbulence 1s
retuced Dy two ortfice ;lsvss with 1,08 mm holes on
a 178t osyiare grid o The nozxle has a 6:1
area  .ontrsctien witno osteer 11693 sigewalls to
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minimize boundary layer growth. The momentum
thickness, o, at the exit of nozzle was calculated
to be 0.0027 ¢m for My = 0.1, The nozzle plenum
pressure s measured using a strain gauge pressure
transducer connected to a pressure tap located 6§ mm
downstream of the second orifice plate.

The test section i{s formed from three flat
plates of optical glass set up to be a8 continuation
of the three walls of the nozzle. The open fourth
side allows the room alr to mix with the nozzle exit
flow. The test section {s 7.5 cm long., Jets of
varjous helium and argon mixtures permit variations
of density ratio at different flow conditions. The
Reynolds number, based on the nozzle exit dimension,
ranges from 3.1(10%) to 3.3(10%) for a mixture with
i, =1 and My = 0.1 to 0.9, respectively, A catcher
with a slight applied suction {s placed at the end
of the test section to remove the exhaust gases.
The catcher entry has large radius edges and the
width of the catcher opening fs adjustadle to accom-
modate various shear layer spreading rates.

Gas mixtures are supplied to the nozzle from a
bank of gas cylinders. The arrangement allows four
different mixtures to be tested with a particular
optical diagnostic system, The system provides fine
control of the nozzie mass flow rate over a nozzle
exit Mach numder range of 0.0-0.9. A quarter turn
valve 15 used o start and stop the test runs, The
valve 1s opered 2-3 secs for a test run. The
hijrest mass flow rate used to date was 87 gm/sec at
M2 (.9, 4, =1, The gases that have been tes%ed
are He, N%, €C> ana two mixtyres consisting of
36 nesld Ar ana 328 He/62 Ar by volume,

The scniieren apparatus (Fig. 3} can be used to
tdke simuitaresus onotograpns paraliel and normal o
the shear layer, The lignt source is a 0.12 cm wice
sparx gap operated in dry nitrogen, The lign:
duratron is appreximately 300 nsec, Two 7.6 ¢m dia-
meter parapolic mirrors are used to produce parallel
beams of light. The beams can be accurately aligned
parallel and normal to the shear layer. After
passing through the shear Jayer, the beams are
focused on the knife edges by two additional
mirrors. The shear layer ts imaged on the two film
planes at approximately unity magnification.

Leng exposure fnterferograms were taken paral-
Tel to the shear layer with a Mach-lehnder inter-
ferometer.* The system also uses 7.6 cm dizmeter
optics. The optics are mounted in steel optical
mounts wnich are in turn bolted 2o a 5 cm thicx
aluminum plate., This massive structure ts useful to
reduce the bdlurring of the long exposure interfero-
gram due tg acoustic radiation from the shear layer,

Two different laser light sources are used with
the Macn-Zehnder interfercmeter, Long exposure
photograons are taken using a | mw He-Ne laser as
tre lignt source. The He-Ne beam s expanded to a
diameter of the optics using a telescope equipped
with a spatial filter, An exposure time of J.1 sec
was generally ysed,

Optical qualfty data were odtained using short
exposure interferograms taxen norma! to the shear
Tayer. An actively Q-switched ruby laser was used
as tne light source. The pulse emergy is adout 20
mJ and the pulse iength is 100 nsec. Ta odbtirn the
necessary conerence length for interferometry, ft is

necessary *£3 yse an etilorn 35 tre laser oytoyt
:oua?er Te Sexm is expanded ysing a  simple A

N

lb . .

coated negative lens. The beam {s not parallel, but
very slightly diverging while passing through the
shear layer. This should produce only negligible
distortion in the interferograms. The long exposure
interfercgrams presented here were taken parallel to
the shear layer; the short exposure fnterferograms
were taken normal to the shear layer.

3. Shear Layer Spreading Measurements

Long exposure interferograms were wused to
measure the shear layer spreading rate.An exposure
time of about 0.1 sec was used to give proper time-
averaging, The mean growth rate of the index of
refraction profiles of the shear layer were mea-ured
by counting the fringe shifts. If the mean fringe
shift is denoted by aN, then

AN = = an = % a(8p) , n-" = 8y

>l

where L = optical patn length,
A = wavelength of the laser (53231%),
p = density, and
8 » Gladstone-Dale constant,

The change fn (8] across the shear layer was
calculated by measuring 2N at four posittons down-
stream of the nozzle exit.

Figure 4 {s an finterferogram for a gis mixture
(38 He/62 Ar) having a density equai to <rnat of air
at room temperature at My = 0.3. The flow is frem
left to rignt, The nodble gas mixture is on the
lower portion of the photograpn while amdient air is
at the top. Ncte that the pattern lcses f1ts
contrast far from the nozzle exit. Other interfero-
gqrams were taken at Mach numders of 0.1, 0.3, andg
0.6 for this mixture., A mixture of sudstantially
different density ratio produced too many fringe
shifts to be accurately analyzed by tRis technique,
This set of data was read by hand which limizs the
resolution to about 0.2 fringe. Self-similar
profiles were obtained using a computer program
minimizing the mean square error of this profile,

The virtual origin, x4, of the shear layer was
calculated using this program to give the best fit
f{near growth rate, The root-mean-square error of
the self-similarity profiles were about 5%,
Figure 5 shows refractive index profiles plotted in
non-dimensional coordinates for the finterferogram
shown in Fig. 4, The transverse coordinate is n and
is defined as

n = YII(,"‘OJ .

The vertical axis of Fig. 5, laceled Index/Compo-
sition, refers to refractive index vartation an
fnside the shear layer when non-dimensionalized by
the difference of the index between the free stream
and ambient air, The downstream position of each
data set s also shown in the figure,

Figure 6 shows tre bdest fit curve for three
mean index profiles and Fiealer's® mean temperature
data, The right hand portion of the graph shows the
comparison between Fiedler's curve and the My = 0.1
profile, The two curves agree reascnably well,
The left hand side of F13. 6 presants a comparison
among My = 0.1, 0.3, ana J.6 profiles. The general
shape of the My - .3 cyrve coes 10t agree with the
Ml s 0.1, and 0.5 profiles. it shows a larger
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g;gm:nx:e gtantg?: t:?mgtherA%:;es.no’{:e Eﬁii""t;\i 4, Schlieren Observation of the Shear Layer
= 0.6 profile has a higher slope throughout the
layer and gives a smaller growth rate than M) = 0.1, Schlteren photographs were Ataken f:r JetsH o;
The data from Ref. 5 was chosen because the COZB ~2'f3g Te/gz,;'v‘d %59H9/1F41 :‘e:n; (i) aatnt-‘l ?g)
experiments are similar and the index profile data gﬂwershgtogr'a;;hs' foa: th.e'86 ngl;“ Ar' mixture at
corresponds with temperature {f one assumes an f{s My = Opl Figqures 7, (c) and {d) show photographs
proportional to density. Although the Mach numbers atl: My = ‘0 6 fgor the same mixture Figures 7, (e)
are different (in Fielder's case M} « 0.02), the -, tf) show photographs for COp at My = 0.1 and
Reynolds numbers are close, thus providing a good Fi d (h how  oh t2 h 1f 60 ¢
check on the results for the My = 0.1 profile, For 93‘078 (gr)h:”now 35' fsr:;";f: 2%"3_‘: ;t ;’; aHz t:e
Yow speed flow, Mach number should not have any o i Fla g h hg fowl the
effect on the growth rate of the shear layer. A pictures fn Flg. 7. In photographs v”ew ngi
comparison among this data and that of Ref, 5 s growth rate, the jet {s on tge b:ntom wh1 efamb e;t
* i . e
. presented in Table 1. For this data X, is nearly 2i° 1s ft Jt;eprth ?‘e ue": ty br‘" °d 2°"9 :{_
one. The Reynolds number of the flow 1s based on mixture 1s 3. or the lcw “ach number 2n : 10
free stream preperties and the maximum observed 5_2510219{’;'_ SC%eedar:aosee's arI:eO ggrreSpondmg density
length aof the snear layer, xmax. According to 2 : SV,
Bradshaw,® a free shear layer hecomes self-similar )
! . ; The schlieren effect was quite small for Np and
with respect to Reynolds stresses at distances . o N
greater than 1000 momentum thicknesses (calculated 38 He/62 Ar jets 51?9‘3 the index of refraction d;f
at the nozzle exit). The ratio Xma, /0 fOr this ferance was very slignt at low Mach numbers. or
experiment is estimated o e :Tearhaxm excass of MOSL cases, snear layer growtn rate esiimated from
this requtrement The wond‘,—'ner‘s\'ond'l snear .Hyer the photogracns cecrea_sed with 1ncrgas1ng Mach
thickness s 4n which was Jefined by the slope of a number.  An ensemdle of just a few pictures gave
straignt line passing through the non-dimensional results very close to that of mean Interferometeric
pohés i - op, a"?x JPR Lase ], . O, data for growtn rate of the shear layer. At tne
reD‘resen'; tne 'lgcat{;n of &n = ow= A 0.3 Jewest Mach numher coherent structure? was observed
- N in all cases. In the .egion close to the nozzle
; - - } i 7ia) 11-up of the vortices s
It is apparent from Fi3. § anc Tadle 1 that the  8X)T A0 Fag. Tiar, ro ,
Towes?® Hasch p;j;:gr p,.c;;”e; ms.;:es WZ-,?‘ 1”,: cati visiple, wnmilae turdulence decomes evident {in the
from Ref. 5. Tre usual 5% anc 95% points used ia  r€9iens furtver Comnstrean. Figure 7(e) shows an
velactty profiles were not used for two reasons. unusually large roll-up of the vortices throughout
First, refrictive fncex prafiles do nat correspond  the test section. At nigher Mach number the
necessarily to velccity prafiles, Secondly, because conerent structure disappears and the flow Seems to
of tne larje scatter in ¢ata around the asymptotic D¢ More of & random nature (see Figs. 7(c) and
Jevels, 11 15 much more accurate to use tne 30% ang  J(9)). In some cases the {nitial roll-up o
201 pof"!'s Moss of the scatter 1n cara {s believeq vortices was cbserved even at My = 0.6. Pictures
to be a result of manually reaging tre interferogram  CSK€7 normal to tne sr'e.«:r layer 3:1 1?" Hachbnumbeg
and possidle changes {n tne tare finterferogram. An  SNOW  Ene . sdanwise-sinuous - wiggles =~ ObSErve
automated system using computer graphics and @ i:’sewnereA (sehe F!f<];s. 71(0) and,(f)t)';0 dliz’se;rse‘%r:ac‘)f
P P 1 ‘ i ; e wiggles the ow 1s nearly -dim .
ghz tsaﬁ]eza;”h:)yuetr- 'Smii:\:gg;de::?;;&;“; A:g:;:‘ié.’ while downstream, small scale three-dimensional
. . b tions and streamwise streaks exist. It is
1th an increase of My f 12 9 2. h mo ‘
:ecreased gn}ysloz Olne :nc\,mgnjt arguoe jth?ai ;h?;e‘:;u}g beljeved tnat this ts a manifestatfon of an inittal
be a Re numoer effect since it s triplad going from three-dimensional instability and plays an {mportant
My = 0.1 to M} = 0.5 However. Breidenthal.’ has role {n the intreduction of small scale structure
} . 5. , nal, . . : N
suggested that it cannot %e purely a result of the ‘f‘to the élow. At 1h1ghertHach nur:,b-er 2%“;'_3;;‘1‘:,
change 1{n the Reynolds numder. Higher Reynolds tures an streamw.se streaxs el 4 he
number only affects the pasition of the virtual hqwever,' they cannot be readily related to the
ortgin, x4, and therefore the {nitial roll-up of the ?;}?91% in Tow Macn nunber flow (see Figs. 7(d) and
vortices, Another possible explanation is that ’e
acoustic ragiation may f{nteract with the pairing : : e oean
prccess of the vortices. Crow and Champagned were Shs. Ol"t‘zi] Quality Measurenents Normal to the
able to cnange the growth rate of a jet radically by 2near Layer
using external acoustic radiation througn a : : ;
loudspeaker at the frequency, 0.2 Uy/C. In\’ this The main objective {n this project is to
experiment the acoustic source was the jet itself  determine the degradation of :n optical beam due to
rather than an exzernal source. 1t is not clear {f  refrective  index fluctuation  resulting  from
the effect would be the same b'ut acsustic noise may turdulence in a shear layer. Stop-action interfero-
change the snear layer growth rate, Otner possibfe 3;i?;uswedreen31t:;e?-a nloor:“vomob:g?n 5:::: f:ae){zr phzfxg;
effects exist. For example, dissipaZi ting of R
the middle region o;a‘nshe':ﬂ:;r ad]aji{:_ n::yMbL’e Oa error data. Figure 8 snows three i{nterferograms
factor, This latter effect would Se more appdrent taken at My = 015 and id tare (61060”08)991”:9";320;
at higher Mach numters, More data is required to ?ram;o Th: dens ty. ratfos are : an
determine the cause of the jJrowtn rite reduction. or {02, 38 He/62 ir, and He, respectively. There
Higher subsonic Mach numcer tests (mainly, M) = 0.9) fs a striking difference between the index fluc-
have been tried. At present, tne quality of she  tudtfons, as expected, 1+2 The i4ndex of refraction
interferograms fs poor due %3 loss of optical difference between the jet and air at room tempera-
contrast. Various improvements are oeing fnstityted ~ t9re was lowest for the mixture (an = 7.7 x 10-9)
to improve the resuits a% nNign Macn aunters and hig st for He (an = 2.35 x 10~%). Qualitative
estimies of tne mean square phase error shows that
the * yn degradation is worse for C02 compared with
the = jre by nearly one irder of magnitude fn the
self- “'r region. A H jet on the other hand
v e e e e - .- - e w
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produces the most error, giving an order of a
magnitude increase in the mean square of the phase 7
error over (0». _ These phase errors can be R
correlated to (an)< across the shear layer, Not v
only is an Yarger across the layer in the case of He \
Jet, but the jet exhidbits the largest growth rate .
among the gases belng tested at this Mach number. ﬁ
At this time we are {n the process of evaluating "
these data more completely using an automated data -
reduction system. <
N
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xp vs. Ml for previous work on two dimen-

X
Author M by Re max Iy 9
1 ,ma n .5
? Xomax ® 0 Xnax

Fiedler® 0.02 1.09 4.0x105 1400 0.26 -0.028 -3.071
This Work 0.12 1.10 8.4x10% 1400 0.28 -0.046 -0.14

. 0.32 1.07 2.6x105 2630 0.20 -0.037 -0.21

. 0.58 0.99 2.8x10° 1900 0.20 -0.047 -0.31

Tatle 1. Comparison of mean index profiies.
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The upper photcgrapn of each pair was taken looking

Fig. 7. Two direction schlieren photcgraphs.
parallel to the shear layer and the lower photograph was taken looking normal to the shear layer,
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Mgendix

Determination of the Density Profi{le in the Shear
Tayer via Computer Processing

The density profile {in the shear layer may be
determined directly by means of digital optical
readout and processing by a computer, As an {nterim
step to 3 more sophisticated system yet to be
developed, we are using a Microneye camera with a
256x128 pixel format and Apple 1l computer. 1In this
approa<h, a photograph of the shear layer from the

Mach-Zehnder {nterferometer {s used as the source of — |
information. \Using the Mfcroneye computer program, .x :'
. the photograph can be displayed on the monitor or ;
printed using a dot matrix printer with graphics !
capability as shown in Fig, A(1). Due to turbulence -
in the flow, the fringes in the shear layer are not q
clear enough, Therefore, many pictures of the same =
cbject with different light levels (40% to 60%) were Al u
taxen, and summed in the computer memory. This was .'~,'
done 1ir an effort to enhance contrast levels., (The .
tnformation at each point on the screen 1is trans- j
lated fnto binary data as 0 (bright dot) and 1 (dark "

dot) and summed appropriately for S pictures.}) The
central location of. each fringe 1s determined
according to the location and width of the maximum
value, The dots shown in Fig. A(1l) are the fringe
center locatfons drawn by the computer, The tare
picture 1s treated in the same way, but only one
picture needs to be taxen because the fringes are
distinct everywhere, ) ) . . . N |

transvarse direction
D u® L

The number of the fringes in each picture fs optical density

then counted aleng 15 horizontal lines, The density

fn the flow field along this sampling line {s then

calculated, On each line, the numper of fringes at

that positfon 1s calculated and the optical density A2
gbtained by using

(8) = £ (¥F - NT) + (5],

where A = wavelength of laser beam, Fig. Al. Digitized interferogram at My=0.22. .
L = pptical path length, Fig. A ts . s R . -

8o = optical density of test gas mixtures g.. 2. Optical censity profiles (1) at six -

(80)5 = optical density of air, stations downstream of the nozzle exit. *

NF = fringe numder of test picture, and ' ‘

NT = fringe number of tare picture. ®
Connecting the density value at each point :-

vertically, a density profile picture {s obtained.
Manual correction of the data 1{s necessary to get
accurate values of 3p. One of the results of the
calculation on Fig., A{l) 1{s shown in Fig. A{2).
However, this method was not used in the redquc%ion
of the interferograms presented fn this paper, since
the method fs not yet perfected.
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A study of inhomogeneous shear layers and their effect on laser beam
degradation

Walter H. Christiansen, Hamid Johari, D.W. Bogdanoff

Department of Aeronautics and Astronautics, University of Washington
Seattle, Washington 98193, U.S.A.

Abstract. Optical properties of two~dimensional, subsonic shear lavers
with zero velocity ratio have been investigated. Measurements of shear
laver growth rates and laser beam degracdation for propagation normal to
the turbulent interface are presented. The shear laver growth rates
were found to decrease with increasing Mach number. Interferograms
taken normal to the shear laver show that the bean degradation 1is a
function of the index of refraction difference across the laver.

1. Introduction

Shear lavers and wakes occur in the resonators of manvy high power lasers.
The extraction of power wusually 1involves passing the bean through
interfaces which often involve dissimilar gases of different optical
properties. Shear lavers are also an important feature of aerodynanmic
windows. While a number of investigations (Legner et al 1978, Vu et al
1980) of the optical properties of this flow have been carried out,
additional study 1is warranted to cover a wider range of experimental
conditions.

The fluid dyvnamics and gas optical properties of single two-dimensional
shear layers have been studied at Mach numbers and Reynolds numbers appro-
priate for lasers. Experimentally this involves a systematic investigation
through independent control of density ratio and compressibility effects of
the free jets. This is usually accomplished by wusing jets of wvarious
helium and argon mixtures. 0f importance 1is the examination of com-
pressible shear layvers accompanying these jets for evidence of coherent,
large scale vortical structures, since such large scale structures are more
troublesome optically than a random turbulent field.

Shear laver spreading rates were measured using long-exposure interfero-
grams and schlieren photographs., These tests were done at Mach numbers of
0.1, 0.6 and 0.9 with various density ratios. These growth rates are
compared with the 1literature. Interferograms using a rtuby laser bean
parallel and perpendicular to the shear laver have been taken also. The
photographs provide phase error data which can be used to determine the
scale and amplitude of the refractive index perturbations in the laver.

2. Experimental Setup

This investigation 1s focused on zero velocity ratio shear lavers in which
a two-dimensional svmmetric nozzle with a 1.4 cm square exit was emploved.
Free stream turbulence is reduced by two orifice plates. The noz:le has a

6:1 area contraction with steep (45°) sidewalls to minimize boundary laver

growth. The momentun thickness, 7, at the exiz of nozzle was calculated to
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plates of optical glass set up to be a continuation of three walls of the
nozzle. The open fourth side allows the room air to mix with the nozzle

exit flow. The test section is 7.5 cm long. Jets of various helium and
argon mixtures perait variations of demsity ratio at different flow con~
ditions. The Revnolds number, based on the nozzle exit dimension, ranges
from 3.1(104) to 3.3(105) for a mixture with Xp = 1 and M} = 0.1 to 0.9,
respectively. The gases tested are He, Ng, COp and two mixtures consisting
of 86 He/l4 Ar and 38 He/62 Ar by volume.

Long exposure interferograms were taken parallel to the shear layer with a
Mach-Zehnder interferometer. Two different laser light sources are used
with the interferometer. Long exposure photographs are taken using a 1 oW
He-Ye laser as the light source. Optical quality data were obtained using
short exposure Iinterferogran taken normal to the shear layer. A
Q~-switched rubyv laser was used as the light source.

3. Spreading Rate Measurements

Long exposure interferograms were used to measure the shear layer spreading
rate. An exposure time of about 0.l sec was used to give proper time-
averaging. The mean growth rate of the index of refraction profiles of the
shear laver were measured by counting the fringe shifts. Fig. 1 is an
interferogran for a gas mixture (38 He/62 Ar) having a denslty equal to

that of air at room temperature at M| = 0.3. The gas mixture 1is on the
left porzion of the photograph. Other interferogracs were taken at Mach
nunbers of 0.1 and 0.6. Self-similar profiles were obtained using a
computer program minimizing the zean square error of this profile. Fig. 2

shows refractive index profiles plotted in non-dimensional coordinates for
the interferogram shown in Fig. 1. The transverse coordinate is n, defined
as n = y/{x-xy). The vertical axis of Fig. 2, refers to refractive index
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variation 4An inside the shear layer non-dimensionalized by the difference
of the 1index between the free stream and ambient air. The downstrean

position of each data set is also shown in the figure.

Fig. 3 shows the best fit curve for three mean index profiles and Fiedler’s
(1974) mean temperature data. The right hand portion of the graph shows
the comparison between Fiedler’s curve and the M) = 0.1 profile. The two
curves agree reasonably well. The left hand side of Fig. 3 presents a
comparison among M; = 0.1, 0.3, and 0.6 profiles. Note that the M; = 0.6
profile has a smaller growth rate than M) = 0.1. A comparison among this
data and that of Fielder (1974) is presented in Table 1. TFor this data Ag
is nearly one. The Revnolds number of the flow is based on free strean
properties and the umaximum tested length of the shear laver, X..x.
According to Bradshaw (1966) the detailed turbulence structure of a Iree
shear laver becomes seli-sizilar at distances greater than 1000 mormentun
thicknesses (calculated at the nozzle exit)., The shear laver thickness is
&n which was defined by the slope of a straight line passing through the

non-dimensional points &n = 0.2 and 4n = (.8,

10 “ 7'/
Xoax . ; Q
Author M) Rey .. —— 4 &,g ‘: // )
<
-3 47 L.S
Fiedler  0.02 4.0x10° 1400 0.26 x g¢. j/’ SIDE ]
4 % K.S i\
This work 0.12 8.4x10 1400 0.28 - SIDE lf
5 0.4t / 4
" 0.32 2.6x10 2600 0.20 2 /
=
" 0.58 2.8x10° 1900 0.20 & g, ]
Table 1. Comparison of index profiles. / /. -
0
0.2 0 1702 §) -0.2

7

Fig. 3. Noadimensional index profiles. Lefthand graph shows the data
for various Mach numbers: M. =0.l (solid line), M1=O.3 (dash-dot line)
and M.=0.6 (dasted line). &ighchand graph compares the M =0.1 data
(solié line) with data from Fiedler (dash-double dot linej.

4, Schlieren Observations

Time averaged schlieren photographs were taken parallel to the shear layer
for My, = 0.1, 0.6 and 0.9. (Short exposure results are detailed in Johari
et al 1984). The visual spreading rates of the shear layers, 4n g =
Ayvis/x, were read off the photographs. The sensitivity of the schlieren
system was insufficient to give reasonable estimates of the spreading rates
for those gases which were nearly index-matched, i.e., 38He/62Ar and N2.
The data from the other tested gases is shown in Fig. 4. Both Mach number
and density ratio effects are evident. The shear laver spreading rates at
My o= 0.9 are about Q.7 times those at M, = 0.l. This ratio is nearly the
same reduction as predicted by Bogdanoff 21983). For the MI = 0.9 data,
the reductions 1in shear laver spreading rates with increasing Ml are

consistent with a compressibility effect, while the M| = 0.6 data cannot be
completely explained as compressibility effects. The spreading rates with
A= 0.61 are about 0.7 times the rates at i _ = 6.5.
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Fig. 4. The visual
spreading rates of
the shear laver as

a functicn of the jet
Mach number. Gases
are He (circles),
86He/l4Ar (scuares)
and CO, (triangles).
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5. Optical Tualitv Measurements Normal to the Shear laver

Stop-action i{nterferograms were taken parallel to the shear laver
various densizy ratios and Mach numbers. ig. 5 shows four interierograms
taxen at Kl = 0.9 for CCz, 38He /4lAr, 86He/l4Ar, and He. Although the
shear lavers spreading rates are different, common features are noticed.
Large scale structures appear to exist in all cases. Second, there are
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Gus Flow and Chemical Lasers, [984

regions in the irrotaticnal fluid where disturbances exist next to such
structures which 1imply engulfzment of irvotational fluid. Fig. 6 shows
interferograms taken norral to the shear layer at M; = 0.6. The density
ratios are 0.60, 0.99, and 6.5 for COn, 38 He/62 Ar, and He, respectively.
There 1s a striking difference between the index fluctuations. The index
difference between the jet and air at room temperatu'e was 1o"es; for the
mixture (in = 7.7 x 1077) and highest for He (in = 2.35 x 107%4).

o N (e
> (TN < G

An imporzant measure of the laser beanm degradation i{s the Strehl ratio o
loss of peax <far-field intensity caused by the flow field, I/I_ . It {s
known that for a tily and focus corrected laser beaxax that /1 =
exp[=<35°>] where <35> {s the mean square phase error over the area. If
one assumes that the index fluctuations are homogeneous within the shear
laver (a poor assumption in view of the evidence for coherent structures 1in
shear lavers and the variation of its structure), an estimate of I/Io can
be made. The reduction in far-field 1intensity due to turbulent
fluctuations is given bv Sutton (1969) for this case as an exponentlial
function of %, the wavenuaber, A,q:he integral scale of the turbulence, L,
the shear laver thickness, and <in“)>, the averaged iadex fluctuation. In
inhomogeneous shear layvers both variations in the Gladstone-Dale constant,
B and p can contribute to 4n. To estimafe the Strehl ratio one needs to
measure or to predict L, A, and <An*>. While this equation is oaly an
approximation for shear lavers, an important aspect of the work is to
measure these variables for shear lavers of interest and to model these
results. The phase errors can be correlated with dn across the shear layer.

o]

Each near-field interferogram is digitally read by a Microneve camera and
the information is stored using a micro-computer. The central location of
each fringe is determined with respect to specific reference lines. The
tare 1nterferogram 1Is treated the same way. The net fringe shift {is
obtained by subtracting the tare from the disturbed fringe pattern. These
values are then averaged over an area and finallv, the root mean square
phase error at the location of reference lines 1s computed. While the tilt
correction has not been removed from this set of measurements, thls
correction was nezligible up t> about two nozzle widths downutream.
Further downstream, tilt became an 1important facinr; however, at such
locations, the flow is not two-iimensional anv loncer because of wall
effects. Another point that should be emphasized {s that the results are

v

in terms of the {aterferuneter wavelongth (N.p3u).0 Hence, the phase  error

for a ldaser device with a Jdifferent wavelenpeh should be praverly scaled.
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Figures 7 and 8 show the effect of density ratio and Mach number on the
root mean square phase error at 0.69u. Fig. 7 represents the phase error
as a function of downstream position for a jet of 86He/l4Ar at various Mach
nunbers. The three curves and the values are very similar. The only
difference seems to be in the position of peaks and valleys which appears
to be a result of passage of nonsteady vortical struczure. This feature 1is
more apparent in Fig. 8, where three gases are compared at M; = 0.6. The
root mean sjuare phase error increases in the downstream direction since
the shear laver grows. The values of Strehl ratio obtained from the near-
field phase error data is comparable to those given by Legner et al (1978)
and Vu et al (1980). The experigental results do not agree closely with
the theoretical derivation of Sutzon (1969), because of the presence of the
coherent structures. If we assume that the integral scale of turbulence 1is
of the order of the shear laver thickness, the theoretical prediction
agrees roughly with the experimental results.

I -~ 0.5~
37
<_ A M=0.9
—
o] L L . ©
C | 2 3 0]
x/D x/D

The root mean squarz phase error as a funczion of the downstream position.
The gas mixcture in Fig. 7. (lef:t) is 86He/liAr. The gases in Fig. 8. are
He (solid line), 86He/l4Ar {dashed line) and 38He/62Ar (dash-dot line).

In conclusion, a shear layer of matched refractive Iindex produces the least
near-field phase error. Large scale vortical structures are very
troublesome and seriously degrade the optical quality of lows. The
estimated Strehl ratios of the shear lavers studied here may be acceptable
at infrared wavelengths, but are unacceptable in the visible range.
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Scientific Research. The authors also thank Prof. H.T. Chen, a visiting
Research Asscciate, for his reduction of the near-field data.
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FAR FIELD OPTICAL PROPERTIES IN
COMPRESSIBLE INHOMOGENEOUS SHEAR LAYERS

Thomas C. Blum
University of Washington
Seattle, Washington

Abstract

The time averaged optical properties of
inhomogeneous shear layers have been investigsted
and are reported here. The principal far fleld
measurement used is the Streh] Katio. That {s,
the peak far fleld lntensity of a high quallty
He-Ne laser beam 13 measured in the far fleld
with and without the shear layer present. Thelr
ratio determines the Strehl Ratioc. The {nitial
resuits of the study provide {nformation for
shear layers of COs, He and mixtures of He and Ar
for M = 0.8. The results are compared to those
done previously at low Mach number and are also
used with a theoretlical expression to lnvestligate
the near field phase error in the laser bean.
Near fleld measurements taken previously for
spreading rate information are also presented
here for completeness.

Introduction

[t ts known tha®t turbulence and coherent
structure occur in shear layers, even at =wodest
Reynold's number [1]. The performance of optical
systems can be severely degraded when laser beams
or lmages are passed through Inhomogeneous shear
layers. Optical properties of shear layers is a
current topic of research with a wide range of
applications which include high powered lasers,
optical imaging aystems, and proposed defense
systems.

Computer coupled image processing systems
have greatly facilitated the type of
t{nvestigation reported on here. Images taken by
a 256 x 256 array of photo diodes can be stored
and manfpulated easfily by such a system and
accordlngly much of what 19 presented here I3 In
the form of computer output.

Background

A shear layer {s the region formed by two
flows of differing velocities characterized by
turbulence and large scale structures [1]). Pig.
1 shows the shear layer formed by a COz jet
exhausting into still air. The width of the
shear layer {s typically defined by some
percentage of change of a relevant guantity from
the free stream values. This report uses the 90%
- 10x normalized index of refraction change
{{n,,, -n) / (n,,. -a, _)) definftion. Other
thicknesses may be defined by velocity.
temperature. or other fluctuations {n the laye:
Another parameter which {s often defined {or
shear layers I3 the Integral *ucrbulence scaie
or macra scale which is the mean size of large
scale eddies that form distinct "packets of
turbulence” in the shear layer. The nonuniform
mixing of the two dlssimilar flufds gives rise to
these packets which are the source of refractive
index and density fluctuations across the shear
layer.

5 A
.N"' {-.ﬂs aa

Theory

The index of refraction for a gas can be
found from the following expression (2}:

where n is the index of refraction., g |8 the
Gladstone-Dale constant for a given species, p ls
the gas density, and #; is the gas density at
standard conditions. The index of refraction for
a uniform gas aixture {3 found by using the
Gladstone-Dale constant for the mixture:

where 3, 13 the Giadstone-Dale constant af the nen

apecies and Vi, is the volume fraction af the nen
species.

The optical data in this report are based on
a reference beam forsed by plane waves [ncldent
on a circular aperture. The resulting far fileld
di{ffraction pattern (s the well known Alry
pattern which consists of a central bright spot
known as the Alry disk surrounded by concentric
subsidlary maxima. (Por reference, see Born and
wolf., Principies of Optics, pp 395-396). The
power in the beam within a radius r is found by
integrating the far field intensity pattern over
the area. For the reference configuration, the
power versus nondimensional radius i3 given In
figure 2 [{3] and will be used later to compare
with the experimental data. The nondimensiocnal
radius used in figure 3 is given by (3]

x = kaw (3)

where k is the wave number. a {s the aperture
diameter, and w {3 the radial coordinate of any
point {n the aperture normelized by the aperture
to image plane dlstance.

The Strehl Ratio which is the peak far fleid
intensity ratio with and without flow. can be
found by differentiating the power distribution
with respect to r as r goes to zero. [ Power in
fig. 2 is given by

r- .
5= 2 [ Iz d;
v}
for the Alry sitsern, then <ne intens.ty 18 given
by
1 Am
4 PP N T AT R ST (4
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The Strehl Ratio {s thus found by taking the
ratio of eq. (4) with and without fluw as r goes

to zero:

[ lim do dp
T 2 (==) — (5)
Ig reo ( ar flow /(dr)ref ]

Eqs. (4) and (5) are exact oniy for Intensity
patterns that are circular: however they give a
reasonable approximation for small dependence on
angular position. For noncircular patterns which
usually occcur only for highly degraded beams an
effective Streh]l Ratio may be defined as the
power remaining within the principal maximum of
the reference pattern normalized by the power in

the principal maximum of the reference pattecrn:

r 2=

[/ [ lra)drds ]
Sa = or 02 flow (6]
= T
Uo7 0 llrerars
S 0 rof

Sutton has derived an alternative expression‘for
the Streh] Ratio proauced by a homogeneous
turbulence zone [4]:

where x i3 the wave numver, A ls the int:gral
turbuience scale. L {s the width of the zone. and
can*®+ {4 the mean 3square refractive index change
through the zone. The expression in sricsetls in
eq. (7} ts the mean square phase error in “he
near field [5]. If A is approximated as L times a
constant [5] and <an’®*> is taken to be
proportional to the square of the refract:ive
index difference across the layer, an . eq. (7)
has the form

E o= e (- aanhi] (o)
o}

where A tacludes all constants of propartionality
{for clarity. A will be deffned as 2K<a%T wierea®
ls given by <an“®> =alan® and C ls gtven by L =4
¢!. This expresslon which {3 for a tilt and
focus corrected beam passing through a
homogeneous turbulence zone. will be used to
evaluate A when the Strehl Ratio. an. and L are
known. The assumption that <an“*> {s proportional
to an*is good only while compressibilfity effects
are smail since compressible layers that are
index matched are known to give Strehl Ratios
less than 1 [6]).

Experinrgtal Setup

The snear layer was turasd oy 2xn2nst ol
surionte aazzle 11 am oonoa o side into STl oarr
Tar» nozzle which had v 7 to 1 conftrauct.en rativ
wias aurrounded on three sides by opt:icail glass
witich formed the test section. The noztie was
degigned to minimize bonhdnrv layet srewth and
127 aluminum section was addeag apoyoe Ther test
sec? ion to inhibhit suction and entroinnent

dawnateeam of the tegt geotion

The far fieid measurements were made by
passing a beam of laser light through the shear
layer parallel to it. The optics system consisted
of a high quality He-Ne laser, a pin-hole spatial
filter, two telescopes. various filters, masks
and a ccd camera with a 256x256 array of
photo~diodes. The system was arranged on two
aluminum rajls as shown in fig. 3. A twelve volt
light bulb was used to provide a flat field in
order to resolve parts of the signal froa the
random shot noise produced by the camera. The
signal to nolse rati{o of the camera was about
50:1.

The camera was connected to an i{maging
system which was coupled to a micro-computer. The
camera provided the imaging system with an analog

signal which was then digfitized and stored {n an
array and could be easily manipulated by a
PORTRAN code written for the experiment.

The data. obtained for CO,, He. Ar. and
mixtiures of He and Ar. were taken 1t s:iandard
conditions. the near field data which provided
spreading rate {(ntormation were found Jising Mach-
Zender and gnear interfercometers.

Shear Laver Thickness Caloulrtion

The thickness [, of the shear layer at any
downstream locat:on ia deterained from anq, the
spreading rate parameter (& » L ‘X-4,0) . Vaiues
of an for the snear lavers were found :n the
Jaboratory concurrentiy with this experiment [7)
and are nven inotaose Lo Xy ot the vortuai
or:gin of the shear layer and (s sitgntly up
stream of the nonzle extt. This effeciive
displacement of shear layer orig:in {s due to the
boundary layer at the nozzle exi{t. As stated
earlier, the 90% - 10% normaljzed refractive
index change definition i3 used to conapute an. &n
was found using interferometric techniques.

far Tleld Measursments

As was mentioned earlier, the classical Alry
Intensity pattern ls the reference configuration
used in this experiment. Figure 5 shows the
pseudo 3-D result for the .5 cm aoerture. Each
line tn fig. 4 represents the digitized signal
from the corresoonding line of pixels in the
camera array. Every 16th line is plotted. The
plots are shown from an Intermediate perspective
so that intensity in three directions can be
shown Note the appearance of the first ring.
Subsequent ring maxima are completeiy lost {n the
rancom noise of the camera. Fig. 5 snows the
nornalized power distribution for fig. 4 which is
comparea to the theoretical result 2oth curves
ace 2f simitar shape: the reference zurve,
hewever, rises faster and approaches (%3 maxtimunm

Gl e Sogter Thaoo shaft s o3 reols o7 the face
St She aoraadsitation factor wnion o3 the tota:
Somer ogn the oooLcent Deam s toe el due o

diffraction off of the acray. When soiied by an
acprapriate ficfop (taken ta be the rmount of
power within "he dark ~ing that surroinds the
Tast discernatos drashyy raet oot

oo tiat o particioar

.

tie T turees

coincide wel, up TATK Pl

(see {ig. 6}

vy v 3y




The time averaged results for a typical
experiment are shown {n figs. 7 and 8. Flg. 7 s
the intensity pattern for 62% He at 1.0 ca
downstream with a 0.5 cm aperture. The power
distribution and Strehl Ratio calculation for 62%
He are shown In fig. 8. The third curve is the
tare distribution. The decrease in power near the
end ls the result of light being scattered off
the array and is not expected theoretically. The
presence of noise 13 also seen past the second
dark ring which shows the [{mits of the ccd
camera. The Streh] Ratio is computed using a
numerical approximation to eq.(5). By
calculating the Strehl Ratio from the integral of
the intensity pattern. error is reduced by the
averaging effect of the i{ntegral. However,
finding the ratio between the maximum pixels of
the tare and the run gives good agreement {n most

cases. The Strehl Ratio results for five gases,
two beam diameters (0.5 and 1.0 cm). and twou
downstream locatians (1.0 ~m and 2. "m) oare
gruen in Tavle 2 The results are Jor A Jree
gtream Mach pamber ot ) 5 oana were found froen
tmages with ¥ 9 ! second »xposure  Streh! clios
are hirher for spaller hegm Jdiamertor Which on *he
basis of homoyeneous “urpulence (3 =xpectea [ 4]
Re:juct inn tn Strenl Rartro fYor ') o hean
dlamerer Moy vtao e e o ey D oaffaers wpion
create large phage orrors in the guter pors ons
aof the beam [5] As the absolute vajue of the
refract ive idey v feranee lpereases. the Stoend
Ratin decrerded This way expected  The Jdecrease
o Strehd Ratin «ith downatrceam {lgtance aay he
seplataed v o seeera o orterq fromoag (T3 "he
Stren, fav o CoenTe g oo rease 18 Thn
tncreasey The Srroenc Jatio (8 1130 jTrongy
dependent on , the wacro scale, wnhich increases
with rthickness [R1 and thus greater Jegradation
is exprcted Jownstreanm. Finally, wail effects are
more pronounced jownstream and thus larger phase
errnra occur. The reaults of Table 2 <an be
compared with simiar and eaclier results uy
Hipggina {90 (Tapie 3) for M = 0.1 with
{nteresting changes occurring. As Mach nuaoer (s
increased, manv factors which can improve O5r
degrade the image occur. Paor instance. for all
mixtures, the refractive index tenas towards that
for air at coom conditions which reduces ‘he
phase error The shear laver thickness decreases
at hizgner Marcn numper which also reduceg the
phase orror An increase in Reynold's Numoer
would be avpectad to i1ncrease phase 2rror Jdue %o
higher turbulence intensity. Table 2 and 3 show
an lncrease in 3trenl Ratio for all cased at ¥ =
0.6 which 1naicates the first two effects are
Agre {mportant :in “his range (compressibiliry
effects at higher Mach number may cause larger
refractive ndex ¢luctuations whicn seriousiy
decorade the bean [/ The caiculated erroar
vaiueg siown o Tauee Coare Jaged on o 2s3tinalz2s of
camera Ao o, Uluctaation in taser tackgoonnd
flluminat o w10 mime and changes 1o the snear
Caver T e ey Sty m oy e gt Irren

Larce ohase

news

T1rin meter - aae s ges Vit

wrTorg an e N (ARSI T ..o the hr
fimid yuen “hat rae wetnogs o Coapaling the
Streh]l Satio e, sar L e s onat o he vand

Tapte 1 shews e Dower Ratio for
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Fig. 12 i3 a plot of Strchl Ratio versus (a
nL)L on a log scale. The results tor the 0.5 ca
diameter beam are nearly strafght lines {except
for €CO3) which indicate the parameter A {n eq.
{8) is a constant over this range of (anl)*. The
behavior of COp can not be explained
theoretically and ls presumed to be in error. It
{s probable that the gshear layer for CO: {s too
thick which decreases the Strehl Ratio and shifts
it to the right In fig. (12). The results for
1.0 cm diameter beams are more troublesome and
may be in error due to reasons discussed earlfier.
Pig. 13 i{s a plot of the parameter A°(A/2kY)
which Is found from eq. (8) versus density ratio
and ignoring COg again shows the result that A
var{es little over the range of gases for the 0.5
cm case. Eq. (7) is derived for homogeneous
turbulence and !s applied to the present results
out of necessity. Therefore, an inherent error in
the results of flgs. 10 and 11 results due to the
presence of coherent structure in shear layers
which are inhomogeneous by nature and may cause
tilt and focus 2rrors which are not accounted 7-r
ino2q. 81 dowever . it the snape of the
reference contiguration is not changed
drasticaily., the wilt can be effectiveiy
corrected for 1n the faty he carrying out the
tntegrarion af “he nrensyty pattern from the aew
intensity ocentrond oot on. This ef{ective
COPTRCL,i0n o5 288 saiid Jor Yhe 1.0 ca beam it
2.0 cm Jdownstream gnd for same of the jarpe
refractive index change alxtures which have
gevere:y Altered tmages.  However, it may also ae
noted that the snear layer bhecomes more
nomoireneons fownstresm as 2ixing occurs. The
ercar in v oway b estisatea hy differentiating
ag. {8) Ind is found 20 4Jepend inversely on (ani,
and directly on the uncertainty in Strehl Ratio.
Therefore. even when the error in Streh] Ratio is
small. large errocrs may result in A when (anl) is
small. The constant C in A that relates
thickness to integral turbulence scale has been
determined by other researchers and is
approxinately 9.25 {8]. Ellainating this factor
from A . the cconstant a‘relatlnq At to nean
square refract:ve index fluctuations may be
deterained. Tacle 5 shows « for a numper of
gases. The data fall Into the range found
previously by athers (6}. Flnally. a word should
be sald ibout zrevious and curcent attempts of
modeling phase degradation by shear layers with
homogeneous turbuience resuits. The data
presented here agree #ith theory and previous
experiments. This agreenent, In some cases nay be
strictly fortuitous. That is the instuntaneous
results due to coherent structure may be quite
differnnt from rhose predicted by eq..{(7) and
only when they are time averaged do they agree.
For exampie. it "as heen suggested {10] that the
shear layer may corsact the beam back and lorth
with a Lish enc ooh o requency that the Tine
averaged effect 1 smearad intensity
qrstriiut on .7 ;roto shar produced Dy randon

turtuience Tos 2 snows cne far fieos
SrTensyty dlan T Vosen tar e e at Moo= 35,
Corarly . chis Lo nof the Qattoera produlloLv

homogenseus turshence and tay be part.ally

exolained by lacze scale elffecta.
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Conclusion

The time averaged Strehl Ratios for various
gases and dbeom diameters were found
exper{mentall{y. Computer {mages provided other
Information such as power and intensity
distributions in the far fleld. The Strehl Ratlo

‘results were used with a theoretical expression
"for homogeneous turbulence so that the near (ield
phase error could be investigated and perhaps
predicted for some cases. The results agreed
reasonably well with those found by ather
' researchers, especlally at the smaller beam
diameter. Imape degradation lncreased with
‘refractive index difference, downstream distance,
and increasing beam diameter. The time averaged
effects of large scale structures in shear layers
are significant but there {s reason to believe
that instantaneous resulits may differ and should
be lnvestigated. Finajly. the use of a computer
.coupled {mage processing system is higniy
recommended for use {n taking, stor:ing, and
.manipulating data.
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TABLE 1  Soreading Rates for Shear Layers

86% He 62% He 38% He €02

0.258 0.224 0.207 0.209

-0.60 -0.50 -0.42 0.co

compyted for the 90%-10% refractive index change

of the shear layer and 4, is the virtual origin.

0.5

TABLEZ 2 Strenl Ratios at M = Q.5

¢n 8eam Diameter

He

= 1.0 2
= 2.0 zn - - - 0.39 - .21¢ .59 - .01 .88 .
1.0 21 Zexs Jiametar
de 85% Ha 5% He 8% He
= ..2 == 3..8 o2 W25 0. W22 0.:% . .Ct J.35 .
= 2.0 1" - - - J..3%- L 3.2587- .22 2.7 .
d refers to downstrean distance frea nozzle 2%is
= 1.3 ¢n
= 2.0 27
d = 1.0¢n
d = 2.3 ¢n

NAIVNN,

Shrani 35 1% M=

3%t

S 27 Zen Thiameter
He 6% He 38% He 22
.38 0.5 Q.34 0.30
ABA 0.2¢ Q0.7 0.45
1.0 cm 3ean Jiameter
He 62% He 33% He ooy
12 - - . .72 .49
.- - - . .35 .20

Results were fcund by Higgins on same acraraitis.
Error vaiues were nct availaole.
TAELZ 4 EFffaztive Ygwer Wtio at 4 o= 3.5

1.3 ¢m 3Jesn Diameter, 2.0 20 Jaownstr2am
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TABLE 5§ @ Parameter, ™M = 0.6
0.5 ¢m Beam Diameter
86% He 62% He 38% He £e;
d =1.0cn 0.083 0.083 0.091 .14
d=2.9¢cn .10 11 .13 .17
1.0 ¢m 3eam Diaveter
86% He 62% He 36% He CCy
d = 1.0 cnm W13 .13 .25 .23
d =2.2 20 o3 .21 2 .25
2 is the 15nstint ia ¢ Inty 2 laTad that eelites the ~sin squara
retractiie ingex flictuations %o the squarae of the refrictive index
differerca 3cress the snm2ar layer.
1.0
0.5 L
p 0.6 |
Po 0.8
0.2
0.2 L N 1 L ) N
0 2 3 5 y 5 Y C
eren prcticriTs of FIouRs 2 Theor=2tica! power disoriboticon Tor Al
=2, 5. catiern,
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Fercers gower vs rardimensioral radius

L 2.9

. //,,—_~__f——=:%=*°"- 2nd dark ring
~ 0.8 ////'
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£1Gunz §  Pewer distribution after scaling by power in 2nd dark ring.

Ccmoares well with *hecretical up to 2nd dark ring

FiGURE 7 Psuedo 3-0 intensity pattern for 6% He at M=3.6,0.5ca beam dia-
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In PROCEEDINGS of the LuTErnanovAl Conrerencs on FL10 lccswics

Be Vol CH A

OPTICS OF INHOMOGENEOQUS SHEAR LAYERS

W.H, Christiansen,* G. Yu,** D.W. Bogdanoff,* T. Blum¥ and Y. Tsai#
Aerospace and Energetics Research Program, University of Washington
Seattle, Washington 98195, U.S.A.

F-095

INTRODUCTION

Optical inhomogeneities in a flow field can seriously degrade the
ability to focus a light beam through the flow field. There are many
instances where one encounters turbulent interfaces 1in gas laser
technology.[l] Shear layer and wakes occur in the resonators of high
power lasers, for example. Coherent vortical structure may he present
in the 1ayer[2] and could cause large changes in refractive index as
the layer entrains the ambient air. While some studies of laser beam
degradation by shear layers have been carried out, they have for the
most part ignored any ordered contribution and instead assumed
spatially homogenenus turbulence.[3] Previous studies alsc used a
narrow range of experimental parameters so that a study with a broader
range of experimental conditions is warranted.

This paper is a continuation of previous work in the
1ahoratory[a’5] in which the optical properties of a zero velocity
ratio shear layer have been experimentally investigated. This
involves a systematic investigation with independent control of
density and compressibility effects. This was usually accomplished by
using free jets of various helium and argon mixtures. Near-field
information, such as spreading rate of shear layer, was mainly
obtained from that of a large number of interferograms or schlieren
photographs. Shear layer thickness measurements which cover a density
ratio, Ap, from 0.2 to 7.4 and Mach number, M, from 0.1 to 2.0 are
presented.

While near field interferograms may be used to judge the source

of beam distortion and magnitude and, in some instances, may be used

*Professor of Aeronautics and Astronautics.
**Visiting Scholar, Institute of Mechanics, Beijing.
tResearch Enqgineer.

*Graduate Student,
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’ to calculate the far field effects, the measurement of the far field
degradation is more accurate. This paper describes the technique that
was used to obtain data directliy from the far field of the laser beam
after passing through the shear layer. The principal far field mea- ,
surement wused the Strehl ratio in which the time averaged peak
intensity of a high quality He-Ne laser beam is measured in the far
field with and without the shear layer present. The ratio of these

two measurements is the Streh] ratio. This measurement was

accomplished using digital optical imaging equipment whereby the far

field data could be numerically processed by computer, f
EXPERIMENTAL SETUP »

Three contoured nozzles were employed for the investigation,

They are 2-D symmetric nozzles with a square exit dimension of 1.4 cm. 3
The ratio and anqle of contraction at the entrance section were .
designed to minimize boundary layer growth, The contour in expansion ,
section of the supersonic nozzles were designed to obtain uniform .
supersonic flow. The typical momentum thickness, 3 at the nozzle ]
exit, was calculated to be 0,027 mm for M = 0.1 and 0.053 mm for <
M = 1.4, The Reynolds numher, based on the nozzle exit dimension and
high speed gas stream, ranged from 3.1<10% to 75x104. The gases
tested were He, Ar, Cﬂz, SF6 and He-Ar mixtures of 95% He, 867% He, 62%
He, 38% He and 27% He by volume. The flow was surrounded on three
sides with optical glass which formed the test section (7.5 c¢m «x "
7.5cm x 1.4 cm). A plane 2-D shear layer was formed at the fourth
edge where the jet was allowed to mix with the ambient still air. An
extension (7.5 x 32 x 1.4 cm) was placed downstream of the test ’
section to eliminate anomalous entrainment of the ambient air in the ,
test section. :
For the near field investigations, conventional Mach-Zehnder :
(M-Z) interferometer, shear interferometer and schlieren were used to ;
obtain information after passing through the shear layer. For the far .
field investigation, a diffraction-limited He-Ne laser beam was used A
to produce the Fraunhoffer diffraction pattern. The beam was :
spatially filtered, expanded, collimated, and then masked by a ‘
~
’
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circular aperture to produce a parallel test beam of nearly constant
intensity. This beam was then passed through the mixing layer and
then entered a reducing telescope to bring the diffraction-limited
beam into a convenient range on the optical table. A (CCD type)
electronic camera then captured the image of the diffraction pattern

for digital storage and analysis on a computer.[6’7J
NEAR FIELD MEASUREMENTS

One of the length scales that characterize a shear layer is the
thickness of the shear layer. The time averaged M-7Z interferaogram and
shear interferograms of the shear layer were taken to obtain the mean
growth rate of the index of refraction profiles. The process of data
reduction may be found in Refs. 4 and 5. The M-Z interferometer was
only functional at 1low Mach numbers due to vibration problems.
However, the shear interferometer could still provide readable inter-
ferograms at Mach numbers up to 1.4,

The data was processed by a computer program that calculates
self-similar profiles and the location of the virtual origin. The
shear Tlayer width is defined by the slope of straight line passing
through relative index change of 0.1 and 0.9. The accuracy of the
reading is believed to be around 0.2 fringe spacing. Figure 1 shows
typical refractive index profiles plotted in nondimensional
coordinates for the M-Z interferogram shown in Fig. 2. The various
points refer to three axial locations and their near coincidence in
nondimensional coordinates shows good self-similarity of the flow
field.

Ensemble averaged schlieren photographs were also taken parallel
to the shear layer. The visual growth rate of shear layer was
measured by drawing straight line tangents to the edges of the shear
layer, as done by Ref., 2. Considering the uncertainty in defining the

edges of the layer, the error in growth rate is estimated to be
10-20%.

A set of complete data of both types of measurements is presented
in Table 1. Correspondingly, the shear layer thickness, », vs. M and

Ap are presented in Figs. 3 and 4 respectively. The growth rates
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decreased dramatically with increasing M and were only weakly
dependent on Age [t can be seen from Fig. 4 that the growth rate
varied more near the region of M=1 than elsewhere. The growth rate
decreases 2.5-3.5 times as M goes from subsonic to supersonic. In
contrast, the growth rate increases not more than 30% for an order and
one-half increase 1in density ratio, as seen in Fig. 3. Coherent
structure was only observed at M < 0.6 as determined by schlieren pho-
tographs.

Stop-action ruby laser interferggrams taken normal to the shear
layer gave near field results over the entire Mach nunber range.
These pictures show that the He/air layer would produce the largest

heam degradation, as can be seen in Fig. 5.
FAR FIELD MEASUREMENT

The optical data in this study are based on a reference bean
formed by a plane wave incident on a circular aperture. The resulting
far field diffraction pattern is the Airy pattern, which consists of a
central bright spot known as the Airy disk surrounded by concentric
subsidiary maxima.[Sj The power 1in the beam within a radius r is
found by integrating this far field intensity pattern over the area.
The power vs. nondimensicnal radius is given in Ref. 8 and shows that
84% of the power is within the first ring of the ideal Airy pattern.

The Strehl ratio can be found by differentiating the power
distribution with respect to r as r goes to zero. As the power is

r
given by p = 2x flgzd; for a symmetric pattern, then the intensity is
0

given by
r
- lim d 1 dp
[ = al = - .
r+0 Zurdr [i 2 CdC] 2ar dr (1)

The Strehl ratio is thus found by taking the ratio of eq. (1) with and
without flow., No tilt or focus correction was applied to these
measurements,

Sutton[g] has derived a theoretical expression for the Strehl

ratio assuming a homogeneous turbulence zone as

= exp[-aZ] = exp[-2k2<an'2>hL] . (
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de

[-@2] is the mean square phase error in the near field, A is the
integral turbulence scale, L is the width of the zone, and <An'2> is
the mean square refractive index perturbation in the zone. The
results of the Strehl ratio study and shear layer growth study may be
correlated. In a case where no coherent structure is seen, the scale
length in the shear layer may be assumed to be 1/4 of to the measured
shear layer thickness.mJ Under this condition, one may write

T%'= exp[-kzazAnzdz/Zj s (3)
where an 1is the index refraction change across the layer and L 1is
replaced by & which is measured from the experiment. The constant, =,
is then derived from the Strehl ratio. This permits a semi-empirical
prediction of optical perfornance with respect to the mean thickness
of the shear layer.

A time-averaged digitized electronic image of the laser beam was
used as the principal measurement. Each image gives quantitative
information on position and intensity of the laser beam in the far
field. Experiments were run with various gases at different Mach
numbers Sso beam degradation as a function of experimental parameters
could be found.

Figures 6 and 7 show computer-drawn images of the far field with
and without flow for 62% He mixture at M = 0.6. Each line in the
figures represents tre digitized signal from the corresponding line of
the camera array. Only every sixteenth lipe is plotted and this is
typical of the results found. The images in Figs. 6 and 7 are for an
0.5 cm beam and were taken with 0.1 sec exposure time. It was found
that a decrease in beam diameter dramatically improved the Strehl
ratio. For example, at M = 0.6 the Strehl ratio for 8&6% He
(an = 2x10‘4) decreases when beam diameter is increased from 0.5 cm to
1.0 cm at 1.0 cm downstream of the nozzle exit. Downstream location
also has a large impact on Strehl ratio. An increase in downstream
distance of 1.0 cm for 0.5 cm beam also decreases the Strehl ratio, as
may be expecterd because of the increase in layer thickness. The

variation of Strehl ratio with density ratios for ™M = 0.6, 0.9 and 1.4
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were measured. As the spreading rate for all the shear Jlayers

increases with density ratio, increasing degradation with density
ratio is expected.

Equation (4) relates the mean square phase error in the near
field to Anz, 62, k2 and a constant. The Strehl ratio data were
plotted on a log scale versus kan3 for an 0.5 cm beam. A visual best
fit straight 1line was drawn for each case. The lines fit the data
well except COZ' The slope of the line yields u2/2 which ideally
should be constant. The values of 2 were found to be quite variable
but on the same order as those reported by others.[3] Attempts to fit
the 1 cm beam data as above did not give a straight line, which leadls
one to believe the large beam is more affected by the inhomogeneous
nature of the shear layer. The tabulated values of . and Strenhl ratio

for each measurement are given in Table II,
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a 0.5 cm Beam after Passing
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